SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Peptide substrates or inhibitors diluted in 5-10 µL of buffer I were injected directly into the chamber, usually without interrupting the scan. This arrangement enabled imaging the same molecules before (control) and after addition of a ligand. The final concentration of DMSO that was used as a solvent for ligands did not exceed 3% in the scanned samples, therefore it did not affect results of AFM or spectrofluorometric measurements of proteolytic activity . All experiments were repeated at least twice. Brightness and contrast of the zoomed-in images were adjusted with Photoshop software (Adobe Systems Inc.).
Distinguishing between top view and side view particles
The top view proteasomes were easy to distinguish from the side view molecules using their linear dimensions, as it would be expected for a "standing" any "lying" cylinders of the length of 15-16 nm and the diameter of 11-12 nm (compare Figure S1B and C with D). The typical side view particle presented in Figure S1D was rectangle-shaped, in contrast to the rounded top view molecules ( Figures 1B-D , S1B, C). To distinguish between the top and side view particles we used the length (l) to width (w) ratio (l/w), as described in our previous work devoted to analysis of side view proteasomes from fission yeast (Osmulski and Gaczynska, 2002) . The "l" and "w" parameters were measured using the section analysis of the Nanoscope software at a depth of 2 nm. In the case of rectangular particles, the distinction between the length and width was straightforward allowing for execution of the sagittal and transverse plane sections ( Figure  S1D ). In the case of rounded particles, sections run in the plane b and d ( Figure 1C and S1C) were utilized for measurements. Histogram analysis of l/w ratio distribution displayed two clearly separated types of particles: the first group (majority of the molecules) showing the l/w values close to one, and the second with a much larger l/w ratio. The former were classified as top view, the latter as the side view molecules. For the reasons beyond the presented work, the side view particles are rare (a few percent) in S. cerevisiae preparations imaged under the described conditions. The average l/w ratio calculated for the first group was 1.04 ± 0.04 (mean ± SD; range: 1.00 to 1.16; n=108 particles from four fields), and for the second group was 1.49 ± 0.13 (range 1.26 to 1.68; n=21 particles from seven fields) when the wild type particles from several fields were measured with distinct probes. All particles with the l/w ratio below 1.2 were classified as the top view. The remaining few percent of particles with the l/w ratio larger than 1.2 were excluded from the further analysis of the central opening status.
Classification of top-view particles as open or closed
To determine if a top-view particle is in open or closed conformation, we analyzed its median sections. If sections of a molecule performed in four different directions were coneshaped, the particle was considered closed. If all four sections were crater-shaped (with a dip or hole surrounded by a higher-positioned rim), the particle was classified as open (see Figure  1B ). More than 97% of the top-view particles could be classified unequivocally as open or closed. The few particles that were excluded from classification were either clearly misshapen due to imaging artifacts or might have assumed a rare intermediate conformational state. Usually all top-view particles from a single field were analyzed, and the fraction of open particles was calculated. Results from several fields were summed and used to compute mean and standard deviation. The statistical significance of differences in the fraction of open particles for different conditions was evaluated by Student's t-test, assuming equal variances.
The depth of a dip ("hole" or "crater") in sections of particles (see Figure 1B , S1C) was used as an additional parameter supporting classification of proteasomes. We measured maximal depth of the openings in particles imaged under different ligand conditions. However, this parameter was never smaller than 0.3 nm in the particles classified as open. For each experimental condition, at least three different AFM probes were used for imaging. The depths of the holes in open -control particles were 0.54 nm ± 0.13 nm (mean ± SD; n=41 particles), in open -incubated with substrate 0.57 nm ± 0.14 nm (n=39), in open -treated with MG262 0.59 nm ± 0.13 nm (n=34), in the β1∆LS mutant 0.54 nm ± 0.15 nm (n=37). The depths of the hole did not differ significantly between the particles "open" under such distinct conditions. Cumulatively, the mean depth of all 151 analyzed open particles was 0.56 nm ± 0.14 nm.
The introduced method of proteasome classification capitalized on the observation that the appearance of a central depression was straightforward to recognize and therefore amenable to unambiguous quantitation. Our preliminary analysis of other topographical features of top-view proteasomes identified certain properties that could be helpful to distinguish open and closed conformations. We are in the process of further widening our search for topographical hallmarks of proteasomes beyond the central opening. We predict that application of multivariate statistical analysis on a much larger population of molecules including a more extensive array of metrics will detect additional properties of proteasomes useful in their classification.
Validation of global 20S proteasome topography imaged with AFM
The following observations were pivotal for demonstrating that the AFM technique correctly depicts the global shape of 20S particles:
(i) The position of each particle on a mica surface was constant over time with only minimal systematic thermal drift. This observation verifies that electrostatic interactions between proteasomes and mica are sufficient to immobilize the complexes for AFM imaging.
(ii) The topography of the particles was consistent among samples, that is, images of identically shaped molecules were obtained with different preparations of proteasomes purified in the same way.
(iii) The topography was not dependent on the organism from which the proteasomes were purified. Moreover, all tested wild-type eukaryotic 20S proteasomes displayed a similar level of conformational flexibility (Gaczynska et al., 2003; Gaczynska, 2000, 2002 ) (see Results).
(iv) The topography was not tip-dependent since comparable images were collected with distinct tips. However, the degree of details imaged and extend of "tip broadening" effect differed slightly due to variations in the tip geometry. We used only selected tips closely matching the optimal physical properties. We excluded worn-out or dirty tips for performing image acquisition.
(v) The particles classified as top-view proteasomes in trace images were classified as such in retrace images as well. Therefore, we concluded that a tip did not induce detectable changes into the overall shape of the proteasomes. Any alterations inflicted by the tip scanning in the trace direction would be detectable in proteasome topography during the retrace scan.
(vi) Changes in the global shape and dimensions of proteasomes were limited only to the already described variation between open-closed and barrel-cylinder conformations (Osmulski and Gaczynska, 2002) . This observation supports the notion that thermal mobility did not lead to large-scale fluctuations in the topography of proteasomes.
Validation of the gate observation with AFM
The following results were instrumental to establish that the central dip observed with AFM constitutes a gate-controlled entrance to the central channel.
(i) The crystal structure of a mutant proteasome lacking the α3 tail (α3∆2-10) displayed an open channel (Groll et al., 2000a) . Congruent with this, AFM imaging of both α3∆2-10 proteasomes and α3∆ proteasomes, where the α3 (Pre9) subunit is replaced by a duplicated α4 (Pre6) subunit (Kusmierczyk et al., 2008; Velichutina et al., 2004) , revealed exclusively open particles (Figure S1B ,C; Tan, Osmulski, Gaczynska, in preparation).
(ii) T. acidophilus 20S proteasomes are not equipped with a fully developed gate. The crystal structure of these proteasomes showed the open pore in the α ring (Lowe et al., 1995) . The AFM images of such proteasomes (a gift from A. L. Goldberg) revealed particles that were always open (not shown).
(iii) AFM images confirmed that in the majority of latent CPs, the gate blocks the access to the central channel in accord with the crystal structure of wild type yeast CP. Therefore, instead of a concave like structure in the center in such cases the α face was distinctly conical.
Validation of gate conformational transitions detected with AFM
We hypothesized previously that the two conformations corresponded to the opening and closing of the α ring gate formed by N-termini of the α subunits Gaczynska, 2000, 2002) . The following data substantiate the notion that the channel transitions were not induced by the AFM technique, either by the electrostatic attachment of the particles to the mica or by the AFM probe.
(i) The specific distribution of open and closed conformers described for top-view particles in both the idle and ligand-treated states was identical with the distribution of side-view particles (Osmulski and Gaczynska, 2002) . Hence, it is unlikely that interactions of the α ring with the mica lead to the observed conformational changes.
(ii) The van der Waals forces between an AFM probe and protein molecule are too weak to induce reversible, apparently ligand-dependent, changes in the protein topography. Also, we would not detect random conformational transitions between open and closed particles if the scanning tip would induce the transition.
(iii) Very similar experimental set-ups have been used successfully to detect natural conformational changes in other proteins such as the nuclear pore complex (Danker and Oberleithner, 2000; Mooren et al., 2004; Shahin et al., 2005) , aquaporin (Scheuring et al., 2007) , connexin , CFTR (Schillers, 2008) , porin (Philippsen et al., 2002) , junctional microdomains (Buzhynskyy et al., 2007) or cytolysin (Czajkowsky et al., 2004) . This approach has been reviewed by Engel et al. (Engel and Muller, 2000) .
(iv) The millisecond-second range of observed transitions (see Experimental Procedures) was consistent with allosteric motions (Henzler-Wildman et al., 2007) . This result would be difficult to explain as an artifact of AFM technique since the frequency of tip oscillations and image formation are very distinct.
(v) The shift in the distribution of conformers induced by a reversibly bound ligand was fully reversible. Conversely, the changes generated by a non-reversible ligand were irreversible (see description of the bortezomib wash-out experiment below; also: Gaczynska et al., 2003; Osmulski and Gaczynska, 2002) .
(vi) We assume that blocking one of the orifices in "standing" (top-view) particles by the mica support does not interfere with the active sites in any β ring fully preserving their catalytic activities. We base this hypothesis on the observation that side-view proteasomes ("lying") with both α rings unblocked and therefore capable of changing their conformation also display the 1:3 to 3:1 partition shift of two distinct conformers ("barrels" vs. "cylinders") upon an addition of the model substrate, indistinguishable from the similarly induced partition shift of the open and closed conformers (Osmulski and Gaczynska, 2002) .
Both median and mode in the analyzed set equaled 25.0%. The distribution of closed and open conformers was stable for at least 2 hrs of continuous scanning and imaging of the same field of particles. Conformations of 13 control top-view particles were followed in detail through multiple scans: any single particle could switch its conformation, but each spent most of the time in the closed state (74.4% ± 12.9%), similar to what was seen before with S. pombe and human proteasomes (Gaczynska et al., 2003; Osmulski and Gaczynska, 2000) .
(vii) To exclude the possibility that background fluctuations are interfering with the detection of holes in proteasomal alpha rings, we compared the parameters of holes detected in particles classified as open with the random fluctuations of background imaged with the same probes as the analyzed proteasome particles. The power spectral analysis of background fluctuations yielded similar results for a variety of samples imaged with a variety of probes. The RMS (root mean square) of background power spectral density was always in the range of 0.1 nm -0.2 nm, much lower than the average depth of the holes (0.56 nm ± 0.14 nm; see above). No correlation was observed between the RMS value for background fluctuations, the overall shape of power spectra, and the kind of proteasome sample imaged in the particular experiment. For example, the imaging of wild-type proteasomes yielded 25% ± 3% of open particles (n=9 fields). MG262 (0.5 µM), a competitive inhibitor and transition state analogue, was added to the same sample, and the imaging was continued. After addition of the inhibitor, the percent of open particles increased to 87% ± 5% (n=10 fields). The power spectral density histograms were undistinguishable for background areas (no detectable particles) analyzed before and after addition of the inhibitor, The RMS values were 0.14 nm ± 0.02 nm and 0.14 nm ± 0.01 nm, for n=5 background areas analyzed before and after addition of the inhibitor. We concluded that background fluctuations are not a source of the observed shifts in percentage of particles with a detectable hole in the alpha ring.
Excess of an irreversible inhibitor does not influence the conformational equilibrium
Addition of certain peptide-based inhibitors (boronates and epoxyketones) resulted in shifts of conformational equilibria toward open particles (see Table 1 ). With the boronate bortezomib as an example, we tested if an excess of the inhibitor not bound to active sites may activate the proteasomes and skew the results. The batch of wild type proteasomes we used in the experiment contained 23.9% ± 3.4% (mean ± SD) of open -conformation particles. Addition of 100 nM bortezomib resulted in a shift toward 83.2% ± 4.0% of open conformers. Excess bortezomib (an irreversibly bound inhibitor) was then washed out from the mica-attached proteasomes five times, with five volumes of the buffer. 84.3% ± 2.8% of the washed proteasomes remained in the open conformation, indicating that the active site-bound inhibitor was essential for inducing the conformational shift. The results were computed for 8-13 fields with at least 100 particles. Very similar results were obtained with epoxomicin (not shown). A similar experimental set-up using five wash steps after peptide substrate binding resulted in a complete reversal of the conformers partition from about 75% open to control-like 25% open particles (Osmulski and Gaczynska, 2002) .
Peptide aldehyde as a weak and neutral transition state analog
In addition to peptide boronates, we treated proteasomes with a peptide aldehyde, which is also subjected to nucleophilic attack by the Thr1 hydroxyl. Peptide aldehydes have been recognized as reversible, neutral transition state analogs (Figures 3, S2 ). However, in contrast to boronic acid derivatives, the configurational stability of the analogs is low since they are prone to a carbon hybridization switch (Adams et al., 1998; Kahyaoglu et al., 1997) . Therefore, we expected a much less pronounced equilibrium shift toward open particles upon exposure of proteasomes to the peptide aldehyde Z-LLL-CHO (MG132) than to the peptide boronic acids. Indeed, 1 µM MG132 induced a relatively minor (but statistically significant; p<0.001) shift from 25% (see Table 1 ) to 36.4% ± 6.8% (n=17 fields, 311 top-view particles) in the relative abundance of open proteasomes in the wild type (MHY501) proteasome preparation. Under these conditions, the ChT-L activity of the proteasomes was inhibited in 92%. , 1999) . Proteasomes isolated from this mutant showed ~40% open conformers, which is substantially higher than the wild-type proteasome in the idle state (25%) (Figure 2A ) but well below the ~100% open value observed with β1∆LS particles ( Figure 1B,C, 2C) . Similarly, proteasomes assembled in cells lacking the β2 propeptide and bearing the β2 -T1A substitution (MHY2260) were mostly open (67.4 ± 22.0%; n=8 fields, 116 particles). Acetylation of the β2 threonyl amine reaches ~60% in the β2∆LS strain (Arendt and Hochstrasser, 1999) .
SUPPLEMENTAL REFERENCES
Adams, J., Behnke, M., Chen, S., Cruickshank, A.A., Dick, L.R., Grenier, L., Klunder, J.M., Ma, Y.T., Plamondon, L., and Stein, R.L. (1998). Potent and selective inhibitors of the proteasome: dipeptidyl boronic acids. Bioorg, Med. Chem. Lett. 8, 333-338. Arendt, C.S., and Hochstrasser, M. (1999) . Eukaryotic 20S proteasome catalytic subunit propeptides prevent active site inactivation by N-terminal acetylation and promote particle assembly. EMBO J. 18, 3575-3585. Borissenko, L., and Groll, M. (2007) . 20S proteasome and its inhibitors: Crystallographic knowledge for drug development. Chem. Rev. 107, 687-717. Buzhynskyy, N., Hite, R.K., Walz, T., and Scheuring, S. (2007) . The supramolecular architecture of junctional microdomains in native lens membranes. EMBO Rep. 8, 51-55.
